Ablation by oxidation of carbon-fiber preforms impregnated in carbonized phenolic matrix is modeled at microscopic scale. Direct numerical simulations show that the carbonized phenolic matrix ablates in volume leaving the carbon fibers exposed. This is due to the fact that the reactivity of carbonized phenolic is higher than the reactivity of carbon fibers. After the matrix is depleted, the fibers ablate showing progressive reduction of their diameter. The overall material recession occurs when the fibers are consumed. Two materials with the same carbon-fiber preform, density and chemical composition, but with different matrix distributions are studied. These studies show that at moderate temperatures (< 1000 K) the microstructure of the material influences its recession rate; a fact that is not captured by current models that are based on chemical composition only. Surprisingly, the response of these impregnated-fiber materials is weakly dependent on the microstructure at very high temperatures (e.g., Stardust peak heating conditions: 3360K). 
I. Introduction
A critical problem in the design of Thermal Protection Systems (TPS) for re-entry capsules is the choice of a heatshield material and its associated material response model. A new class of ablative materials has been introduced and validated in flight by the Stardust mission. 1 The use of this new class of low density Carbon/Resin (C/R) composites, made of a carbon fiber preform impregnated in phenolic resin, is being seriously considered for numerous forthcoming missions. PICA, the low density C/R developed at NASA Ames and used for Stardust, has been selected for Mars Science Laboratory (MSL) heatshield. PICA-X has been developed by SpaceX (Space Exploration Technologies Corp.) with the assistance of NASA to protect the Dragon capsule during re-entry a . The European Space Agency (ESA) is currently supporting the development of a light weight C/R ablator that could be used for sample return missions. 2 The density of these materials lies around 300 kg • m -3 . The carbon preform volume fraction is about 0.1. The density of carbon fibers typically ranges between 1600 and 2000 kg • m -3 , depending on the fabrication process and the nature of the precursor. The carbon fiber preform accounts for about 60% of the mass, but occupies only 10% of the volume. The preform is impregnated in phenolic-formaldehyde resin in order to: (1) improve the mechanical properties of the virgin material, (2) benefit from the globally endothermic phenolic pyrolysis, (3) produce pyrolysis gases (blockage of the heat flux at the solid/fluid interface), (4) limit heat transport by radiation (significant above 800K), (5) prevent oxygen penetration in the porous preform (oxygen could oxidize the preform and deplete the structure's stength). The regular density of a dense phenolic-formaldehyde resin lies around 1200 kg • m-3 . It is however possible using relevant impregnation techniques3 to produce an expanded structure with a lower apparent density. In order to reach the targeted material density ( 300 kg • m-3 ), the porous carbon preform can be totally impregnated using an expanded pore-filling matrix of average density around 100kg • m-3 (material B in Fig. 1 ) or partially impregnated using a dense fiber-coating matrix (material A Fig. 1 ). Any solution between these limit cases is of course conceivable.
Current ablation models would not distinguish material A from material B, because they have the same chemical composition and density. Inspired by the model of Kendall et al. published in 1968, 4 current models describe ablation as a surface phenomenon occurring on a homogeneous, dense, and flat (no surface roughness) material . [5] [6] [7] [8] Equilibrium 5° 8 or finite-rate 6° 7 chemistry are considered in a control volume juxtaposed to the flat wall . 4 The objective of the present work is to bring some insight to guide the development of volume ablation models based on a porous medium formalism (in contrast with a surface approach). We shall account for the facts that: (1) materials A and B have different structures; (2) their surface condition and/or porosity may evolve under ablative conditions; (3) an ablation zone may develop (instead of being confined to the surface). On the other hand, in order to start with a simple problem, we shall address the ablation by oxidation by molecular oxygen (under air) of the carbonized forms of materials A and B at constant temperature.
This work is divided in five sections. In the second section, we will present a general microscopic ablation model for heterogeneous materials. In the third section, we will describe the simulation tool used to solve this model at microscopic scale. In the fourth section, we will present, analyze, and compare the simulations of the ablation of material A and B in their carbonized form. In the fifth section, we will discuss the work hypotheses and how the presented approach could be used in the future. In the sixth section, we summarize the results and briefly describe future plans.
II. Microscopic ablation model for heterogeneous materials
Ablation is a non-mechanical physico-chemical process removing mater from a solid. The local motion of the material interface can be interpreted as a receding front with normal velocity proportional to the ablation rate. 9 The interface is represented by a surface function S(x,y,z,t) first order differentiable almost everywhere with constant value (zero) at the interface. 10 The function S satisfies the differential equation
where the recession velocity, v, is modeled as with Q the solid molar volume, J the ablation molar flux, and n = axS/l laxS ll the unit normal pointing outwards from the surface. In the case of the applications cited in the introduction, ablation may be due to oxidation and possibly sublimation. In the following, we shall consider ablation due to oxidation by molecular oxygen (under air), but a similar approach could be followed for oxidation by other species and for sublimation. We shall model carbon oxidation in air with a first order heterogeneous reaction. 11 For a first order heterogeneous reaction, the local impinging molar flux density (on a fiber or carbonized matrix elementary surface) is given by and consider that the wall is defined by the surface delimited by the emerging fiber tips, as represented in In the phase of the re-entry trajectory for which ablation is non-negligible, the flow dynamics are usually in the continuum regime at the scale of the re-entry body. 15 However, inside the porous medium, the lengthscale of interest is small and the dynamics may be in the rarefied gas regime. In porous media, the Knudsen number is defined as the ratio of the mean free path to the mean pore diameter. The mean pore diameter of the type of carbon preform that we are studying lies around 50 µm . As a reference point, during the ablative part of the re-entry of Stardust, the mean free path for oxygen molecules reaches a minimum of 4 µm at peak heating. When ablation began, the Knudsen number in the porous medium was about 100; then, it has decreased to reach its minimal value of 0.08 at peak heating. 14 Mass transport at the pore scale has to be modeled using different methods depending on the trajectory time. The Boltzmann equation is the fundamental mathematical model for gas flow at molecular scale. 16 For dilute gas dynamics (rarefied and transitional regimes, i.e. Kn > 0.1), an efficient way to solve the Boltzmann equation is to follow a representative set of particles as they collide and move in physical space. 17 This integration method is called Direct Simulation Monte Carlo (DSMC). 16 A Monte Carlo simulation tool that models mass transfer in the porous medium using random walks is presented in the next section and used in section IV. For gas dynamics in the continuum regime ( Kn < 0.01), the Navier-Stokes equations may be derived from the Boltzmann equation. This allows the use of analytical or CFD methods that are in general more efficient in the continuum regime than DSMC. In the slip regime ( 0.02 < Kn < 0.1), the continuum regime model may be used with allowing for discontinuities in velocity (slip) at solid boundaries. 18 Using the continuum mechanics formulation of fluid dynamics, the local conservation of oxygen concentration in the fluid phase is given by
where the second term models the binary diffusion of oxygen concentration in air according to Fick's law; D is the diffusion coefficient. The third term models the convective transport of oxygen concentration, where v g is the local velocity of the fluid. In re-entry applications, the fluid velocity is driven by the pressure gradients arising from the production of pyrolysis gases and by gas expansion due to temperature increase. We have shown in a previous study that the convective term is small compared to the diffusive term in flight conditions. 14 In this study, we consider a carbonized material (already pyrolyzed) and an isothermal sample; hence, the fluid velocity is zero. When they are present, pyrolysis gases may react with the carbon preform (coking or oxidation) or with oxygen (homogeneous reactions). In this case, a source/sink term should be added in equation 5. For simple configurations, the system of equations 1-5 can be solved analytically in steady-state. 9,14 In the case of random fibrous media and/or rarefied flows, direct numerical simulation (DNS) methods are required to find solutions on the micro-scale. The 3-D time-dependent solution to the reaction/diffusion problem coupled to surface recession (described above) is obtained using a numerical simulation code, named AMA. 19 The code uses Monte-Carlo random walk to simulate mass transfer from continuum to Knudsen regimes. A simplified description of AMA is presented in figure 3 . AMA is a C ANSI implementation with four main features.
(a) A 3-D image (graph) containing several phases (fluid and solid in the present case) is described by the discrete cubic voxel method on a Cartesian grid. The size of the edges of the voxels is taken equal to 2.5µm in this study.
(b) The moving fluid/solid interfaces (Eq. 1) are determined by a simplified marching cube approximation. (c) Mass transfer by diffusion (Eq. 5) is simulated by a random walk using Maxwell-Boltzmann distribution for the free path in the Knudsen and transition regimes, and a Brownian motion simulation technique in the continuum and slip regimes. Brownian motion is a grid-free method that efficiently converges when simulating diffusion in a continuous fluid. 19 (d) Heterogeneous first-order reaction on the wall (Eq. 3) is simulated by using a sticking probability approach.
The boundary conditions are: Dirichlet on top of the domain, i.e. the oxygen concentration is specified, C = Co, Neumann at the bottom (no oxygen flux), and periodic on the sides. Dirichlet boundary condition is handled using a buffer region where the concentration of walkers is kept constant.
IV. Simulation of the ablation of materials A and B
We wish to understand and compare the ablative behaviors of materials A and B in their charred form (the phenolic resin is carbonized and no pyrolysis gas is produced). We shall consider ablation by oxidation under air at a constant temperature (no temperature gradient). The simulation are done using AMA on a cell of dimensions ( x = 0.25 mm, y = 0.25 mm, z = 0.75 mm) containing 716 fibers. The cell is periodic in x and y directions. We are presenting simulation results for two sets of conditions identified by their Thiele number. In a previous study, 14 we have shown the effect of the Thiele number on the ablative behavior of a carbon preform. For a fibrous preform (without matrix), the Thiele number is defined as
where L is the characteristic length of interest (e.g. the depth of the considered cell), Deff the effective diffusion coefficient, s f the fiber specific surface, and k f the fiber reactivity. When the reaction rate is fast compared to the mass-transfer rate (high Thiele number), the oxidant is mostly consumed at the surface and cannot diffuse through the fibrous preform; in this case, ablation is a surface process, i.e. the thickness of the ablation zone is not large compared to fiber diameter. In the converse case (moderate to low Thiele number), the oxidant consumption rate being slow compared to the mass-transfer rate, the oxidant concentration becomes homogeneous inside the fibrous preform and ablation occurs in volume. In the frame of our study, the case of high Thiele numbers is trivial. Matrix and fibers would recess at the same velocity leading to a uniform recession of the material, often called surface ablation. In the case of the ablative applications mentioned in the introduction, the diffusion coefficient is large when ablation occurs because the density of the gas is small. Therefore, high Thiele numbers are not encountered in these applications. In this study, we shall simulate ablation at low and moderate Thiele numbers: 1) In figure 4 , we are presenting the simulation results of the ablation of materials A and B at low Thiele number ( 4) < 0.05). [To enable a comparison with the next case, these conditions are attained for temperatures lower than 1000 K at a pressure of 0 . 26atm.]
2) In figure 5 , we are presenting the simulation results of the ablation of materials A and B at a moderate Thiele number ( 4) = 4). We have chosen Stardust peak-heating temperature ( 3360 K) and pressure ( 0.26 atm) at the stagnation point. 15 In both conditions, the recession is faster for the matrix than for the fibers. This is explained by the fact that (1) the reactivity of the carbonized matrix is ten times higher than the reactivity of the fibers, and (2) the matrix to fiber density ratio is around 2:3 for material A and 1:32 for material B.
In the case of material B, progressively, the matrix is ablated and the fibers are stripped out and oxidized leading to their thinning (figures 4-b and 5-b). When a steady state is reached (last pictures of the series), we can distinguish two recession fronts: the first front is delimited by the tip of the fibers (fiber front); the second front is the matrix front. The material density decreases from the matrix front to the fiber front. We propose to call the layer of material lying between these two fronts, the ablation zone (depicted in figure 5 ).
At moderate Thiele number, material A displays a behavior similar to the behavior of material B ( figure  5-a) . This is explained by the fact that the carbonized matrix is very reactive at high temperature. The Thiele number evaluated for the matrix reactivity would be 40. Therefore, the matrix has a high Thiele number behavior; i.e., it consumes all the oxygen available at its effective surface. The oxygen cannot penetrate deeper than the matrix front inside the porous medium. For this reason, the steady-state ablation zone has the same size at moderate Thiele number for both materials (last images of figures 5-a and b). At small Thiele number, material A behaves differently than material B. In this case, oxygen can penetrate inside the pores of the carbonized material. The carbonized matrix coat is ablated at the same time at all levels; then the fibers are ablated and the whole structure progressively vanishes.
V. Discussion
At moderate temperatures, current models overestimate ablation rates because equilibrium chemistry is an upper-bound model (compared to possible finite-rate chemistry). Stardust post-flight analyses have shown that the recessions on the flank and near the stagnation point are respectively overestimated by 20% and 61% using this description. 1 Finite-rate chemistry models have been proposed, implemented, tested, and shown to improve the accuracy of current models. s, 7 However, in these studies, the surface of the material is still considered flat and homogeneous. Accurate finite-rate heterogeneous chemistry models would require an estimate of the effective reactive surface area (ERSA) of the wall material. This is a complicated problem because the ERSA evolves with time and conditions as shown in this study. In the case of porous materials, the ERSA is a complex function of the porosity of the material and of the mass transport inside the pores. Recently, a model predicting the ERSA of fibrous preforms has been proposed. 14 It has been found that for typical re-entry conditions the effective reactivity of the fibrous preform could be two order of magnitude as large as the intrinsic reactivity of the individual fibers. The same kind of discrepancy is expected when modeling ablative materials if the accessible surface increase due to volume ablation is not negligible and 8of10 not accounted for. To extend the present model to ablative materials and re-entry conditions, it would be necessary to complete the chemistry model and to account for temperature gradients.
VI. Conclusion
A new microscopic approach to study the ablation by oxidation of carbonized low-density C/R has been proposed. The details of the architecture of the materials are modeled (fiber size, position and orientation, and matrix repartition). A layer of 0.75 mm of fibrous material, containing 716 fibers, is considered. The surface recessions of the matrix and of each fiber are tracked as they are ablate. Local (microscopic) surface recession and oxygen consumption are coupled to mass transfer in the porous medium. Two materials with the same carbon-fiber preform, density and chemical composition, but with different matrix distributions are studied. One has a pore-filling matrix, the other one has a fiber-coating matrix. Direct numerical simulations show that in both cases, the matrices are ablated in volume leaving the carbon fibers unprotected. This is due to the fact that the reactivity of carbonized phenolic is higher than the reactivity of carbon-fibers. When the matrix is removed, the fibers themselves are ablated through a progressive reduction of their diameter. The overall material recession occurs when the fibers are consumed. The materials are shown to behave differently in the transient regime at low Thiele numbers (e.g., air, T = 1000 K, P = 0.26 atm). The pore-filling matrix provides better ablative protection to the carbon-fiber preform than the fiber-coating matrix. Paradoxically, both materials display similar behaviors at moderate and large Thiele numbers (e.g., air, T = 3360 K, P = 0.26 atm) . The Thiele number is an estimator of the reaction/diffusion competition for porous media. It increases with the reactivity and decreases with the diffusion coefficient. The presented microscopic model points out two trends regarding the ablative behavior of fibrous materials:
• The microscopic architecture is a parameter that may affect the ablative response of a material. (Chemical composition and density are two other well know parameters.)
• Ablation may occur in volume. The introduction of an ablation zone is current models may help in improving their accuracy.
In the future, we would like to extend the model to raw ablative materials (including pyrolysis and reaction of oxygen with pyrolysis gases) and to re-entry conditions (including thermal gradients and sublimation). Thiele number 
